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OXIDE FILMS ON GOLD ELECTRODES
L. Kékedy and A. Popescu,

Faculty of Chemistry, Cluj (LK) and Faculty of
Chemistry, Craiova (AP)

1. General Information

A main objective of instrumental analygical chemlstry is
experimentation with transducers for certaln determinations.
Transducers are devices for the transformation of a characteristic
parameter of the system into a parameter of a different nature,
e.g., of concentration into an electric signal. We call such
transducers "electrodes." The main feature of a transducer, i.e.,
of an electrode, from both theoretical and practical viewpoints,
is the transfer functlon: the ratio of the magnitude of the 1nput
signal (concentration) to the magnitude of the output signal
(current, potential).

An essentlal condltion of this functlon 1s its constancy,
i.e., 1t should not vary depending on the experimental condifions.
With regard to an electrode, this means that 1t should be inert,
i.e., that is should be either a zsource or an acceptor 68 elec-
trons and should not particlpate in any other way in the changes
taking place in the system.

Gold occupies the first place in the scale of the thermo-
dynamic nobility of metals and the fourth place, after Rh, Nb
and Ta, in the scale of practical nobility [1], and it is far
from being as noble and indifferent as 1t was thought for a long
time to be. Its electrochemical behavior places it among the n
normal metals and among the lnert metals [2]. Numerous studies

# Numbers In the margin lndicate paginatlon in the forelgn text,




performed with electrodes made of noble metals have shown that the
reproducibliity and the shape of the tltration curves, and of

the 1 ~ E curves are largely dependent on the state of the
electrode surface.

~
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2. (Oxidized Surfaces

Following anodiec polarization, the gold becomeseccovered with
a film of adsorbed oxygen and oxide equi¥alent to 600-1000 uC/cme .
The presence of oxides at the surface of the gold is explained by
several authors [3-13],who studied the anodic oxidation of gold
in acid, neutral or alkaline solutions at a low density of the
current. At first Au,0 is formed, followed by AuO and by Au203
prior to the liberation of oxygen.

Using the oscillographic method, Hickling [147 noted that
the only stable oxide is Au203 in the form of anunimolecular
film. Analyzing the polarization curves obtalned by E1l Wakkad
and A.M. Shams [15] in various media, one can see that the
starting potentials of the three steps on the curves of anodic
polarization correspond to the equilibrium potentials of the
systems Au/Au,0, Au/Au0 and Au/Au203 (Table 1). This proves that
Augog Aud and Au2O3 are formed at the gold surface prior to the
liberation of oxygen. The starting potentials are not in
agreement with the redox potentials of higher and lower oxides,
but rather with the potentials corresponding to the Me/MeQ system;
this points to the instablility of lower oxides in agueocus solu-
tions, as confirmed by the observations of other authors [4-7].

From measurements of the capaclity of the double layer, it
results that the thickness of these oxide films corresponds to
two molecules. - The different behavior of gold in alkaline solu-
tions is sald by Armstrong [12] to be the cause of the amphoteric ' /687

naturetofigold oxlde which forms aurites and aurates in alkaline

solutions.



Griteberg [16] follewédithe behavior of gold electrodes, by
means of the charging curves In sulfurlceacid, in a potentilal
range starting at -~650 mV (liberation of hydrogen) and up to
2200 mV (liberation of oxygen). Prior to oxidation, the electrodes
were treated in the following manner:

a) 1mmersion in royal water, washing with bidistilled water
and cathodization in dilute potassium hydroxide;

b) anodization of the electrode in concentrated potassium
hydroxide or in sulfuric acid so that no visible signs appear on
the surface of the electrode;

¢) strong anodizatlon so that a largely visible layer appears
on the surface of the electrode.

These layers appear blue when thin (<1#00 %) and greenlsh
when thicker than 100 3. Cathedie reduction causes a change 1in
the color of the layer to black. No unified concept exists en
the stolchiometric composition of the oxide layers and on the
reversible potentlals of these oxides.

Milazzo [17] assumes that the following reactlons takes place:

= e e e —_— —— » e p—

2 m;(_ffg) F BHL0 - AuOys) + GH* 43 e '1_.3?;3 v (1)

CAul) E 310 - Au(OI), £ ST 4 367 1450 V| (2)

Other authors [18-19] found a value of 1.363 V for the reversible
potential in reaction (2). Barnarﬁtj[20] analyzed the oxlde
deposit obtained &fter 23 hours at a current density of 10 mA/cm2
and found Au(OH)3 as the hydrolysis product of Au203, in agree-
ment with the studies of Vetter and Berndt [21]. The following
reactionsis commonly assumed to take place in acid solutions for
the formation of hydroxides:



TABLE 1. STARTING AND EQUILIBRIUM POTENTIALS OF GOLD IN V2RIOUS MEDIA

. H-l.nL s J_“ e J A .
- ‘Soluticn e b ot b1 fAu— An'n ,\u—» Al Au — Ay,
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‘ Phosphate buffer —005 | LA | 086 non 4082 | 40.09
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‘¥ Steps on the curve of anodic polarization

,Me+moxe.+n*+e1 (3)(3

Two sdow reactions are possible for the formation of oxides:

| Me +H O —-‘»\le—O + 21 + 2o
3 | +2 (%)

| Me—OH s Me—G £ H* 4 e (5)

In addition, there is the possibillty of a reduction of the type:

\2Me—0 4+ 21+ "e —2Me + H,0, i (6)

The concentrated sulfurie acid actlvates the following reactions: 2688

}Au(OH)._. - AuO(OH) + H,O (7)
;

ti‘ 2Au(OH), - Au,() + H,O (8)
j JAII(%: Au Oa i JII,() (9)

The characteristle "differential capacity vs. potentlal' curves
(Fig. 1) show that concentrated sulfuric acid has the effect of
lowering the amount of hydroxides, while the amount of oxyhydrates
and of oxides increases. There was an increase in the amount of
oxides appearing in the anodic cycle in the potential range of
+1400 mV to +1800 mvV.

Shutt and Walton [9] showed that a mono- or bimolecular layer
of AupOy is formed in sulfate solutions, which breaks down to
Au,s03 + 1/2 0y after cessation of the anodic current.

Studies on the resting potentlal showed that gold can adsorb
a monolayer of oxygen atems at a potential of +0,9 V [13-227.



Similar conclusions were drawn from

measiretlents of the capaclty of the double

layer [23]. Such a system, which was

not preliminarily analyzed, is the Au/Au0

electrode. A red-brown hydrated film of

Au203 appears on the gold surface if the
adsorbed layer of oxygen 1is formed by
anodic polarization abovel¢36b'v [20].
T@is system forms an Au/Au203 electrode.
b It is assumed that the Au/Au-0 electrode
S o is a polyelectrode [241, its resting

Fig. 1. Differen- potehntial being a mixed potential [25],
tlal capacity as a
function of poten-
tial for gold electrode, its resting potential being
electrodes placed
in HpSOy. A. 1 N
HoSOy; B. 27 N
HESOH‘

while the Au/Au203 electrode 1s a simpde
an equilibrium potential.

Several authors [26] followed the
state of the oxygen adsorbed on gold
electrodes and made potehftilostatic measurements at a potential
varying between 1.35 and 1.60 V in 2 N sulfuric acid saturatéd
with argon at 25°C. The adsorption time was changed from 10-3 sec
to several scores of seconds. The oxygen adsorbed on the gold.
appeared in two forms: a less stable form which was reduced at
1.30-1.35 V and a more stable form which was reduced at a more
negative potential (by 0.4 V),

Studles on the over-voltage of oxygen on shining gold [27] /689
provided informationouon the kinetics of oxygen reduction at this
electrode. Using electrodes of the type Au/Au-0 and Au/AuQOSWin
2 N sclutions of sulfuric acid saturated with oxygen, 1t was con-
cluded'that‘the rate-1imiting step 1n the reduction of oxygen at
the Au/Au-0 electrode is:

— ——— . e e A ~

'Oz(ails.} + e =0y (ads.}, cu i, = ].3.150'“ Afem?,

L T,



Oxygen liberation could not be studled on this type of electrode,
because the anodic proceSStfansformSthe Au/Au~0 electrode into an
Au/Au203 electrode. Thts ts a simple electrode with Eg = 14360 V
[14], a2 value obtained by extrapolating the curves of anodic and
cathodic podarization of the Au/Auj03 couple. The processes
taking place at this electrode are tﬁe formation and reduction cof
ithevekdde Auy03.

Barnartt [20] showed that the Aup03 film 1s weakly attached
£o the surface of the electrode and is readlly exfoliated. 1In
such a manner, new areas of gold become avallable for the con&
tinued formation of Au203.

The presence [23] or absence [15, 311 of intermediary pro-
ducts at the gold surface on the pathway of formation of the AU
(ITI) oxlde could be demonstrated by studying the state of the
gold surface using known techniques, such as chronopotentiometry
(12, 28], voltametry [29], triangular cyclic voltametry [30] or
chemical methods [12, 31] in perchloric acid.

Lalténen and Chao [33] followed the behavior of gbildxdid
perchlorie acid at a constant current of anodlzatlion or cathodi-
zatlon; +the results are presented in Fig. 2. There 1is a marked
increase in potentlal in the anodization stage (Oa) as compared
to the cathodization stage (O.). Following a strong anodization,
there is a rapid increase in the amount of oxide per unit area
(Q7A) at potential values higher than 1.95 V, indicating that the
gold surface was oxidized 1n depth (Fig. 3). The oxides formed at
these potentlals were colored black to orange and could be
separated. The compeosition of these layers revealed a thick

layer of AupO3 [5].

Two types of hysteresls curves were recorded while following
the change in the same ratio @/A as a function of the ancdiza-
tion potential (Fig. 4): ¢the ddtted lines represent the same
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Fig. 2. Anodic-
cathedic chronopo-
tentiogram of gold
in Hp80y.
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Fig. 3. Amoung of
oxide formed on gold
{(expressed in
coulombs required
for the reduction
per unit area Q/4)
as g function of the
potential.

EfV) o

variation under condltions where the

electrode was pre-anodized at higher

potentials, while the Folidiikine was

obtained at lower pre-anodization po-
tentlals (0.65 V). These curves are

evidence in favor ¢of the following:

ad = the superficlal oxidation reac-
tion is reversible;

b} the extent of the oxldation is
not determined %olely by the potential,

¢) there appears to bhe only a
stable form of oxide.

The properties of the anodic oxide
films formed on gold electrodes were
studied as a function of varicus param-
eters. Changes in the resting potential - /690
were recorded for various time periods,
at the end of which the @/A ratios were
determined. It was concluded that
these ratios decrease in the course of
time (Fig. 5), regardless of the utilized
anodization potential, which shows that
the extent of oxidation 1s not deter-
mined by the potential inuparticular.

2.1. Effect of Anodization Time

The curves illustrating the change

in the Q/A ratio as a functlon of the time of anocdization (Flg. 6)

indicate that two reactions are taking place: an initial rapid © /691
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Fig. b,
gxide on gold as a
function ofipotential
and pretreatment.
The figures on the
dotted curves repre-
sent the potentlals
of pre-anodization.
In the case of the
solid curve, the
pre—-ancdization is

<€ 0.65 V.,

——w= 2 min)

Fig. 5. Changes 1n4

the Q/A ratlo as a
function of time at
variocus ancdlzation
potentials.

Key: a. Time

-

reaction followed by a slow reaction.
The slow reaction represents the pene-
tration of oxygen into the first atomic
layers of the solid. The nature of
these two reacticns can be explained
better by following the changes in the
anodle current as a funetlon of the
time of anodization (Fig. 7). Each
curve can be regarded as beingscémpésed
of two parts: a rapid fall in the basic
current and a small residual current.
If the basic current can be identifiled
with Q/A at a short anodization time,
l.e., with the initial superficilal
oxdldation, the residual current can be
explained by a marginal diffusion of
the oxygen atoms, like in the case of
the platinum electrodes [34].

This phenomenon was observed upon
microscoplic examination of the electrode
surface, which shows a stronger reaction
with the marginal surface. Kinetic
studies showed that this diffusion is
related to the residual current. The
appearance of a large residual current
at higher potentials 1is due to the
liberation of oxygen. A study of the
change in the capacity of the double
layer as a function of potential yields
a curve with an inflexion point. The
change 1n the capacity of the double
layer at higher potentials shows that the
superficial oxidation of the electrode
starts at a potentlal of 1.25 V.
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A study of the change in the Q/A
ratio as a function of current density
showed an increase In this ratio with
increasing current density. The anodic
chronopotentiograms show no slgnificant

R T . : - change in slope at a potential lower than
' e e Imdming 1.35 V and thus no sign of deposition.

+Flg. 6. Amount of These observations are contrary to the
oxide formed as a
function of time

and of the who postulated the intermediate formation
potential.

conclusion of several authors [15, 311,

of #up0 and AuO in the layers reported
¥ey: a. Time by them and tend to confirm the opinlons
according to which these are the effects
of impurities [21, 28].

2.3. Effeet of pH and Ariions

Bode, Andersen and Eyring [35] studied
these effects on the potential of zero '
charge (p.z.e.) of the gold electrode
using a special technique which makes it

. ) { 1 L i 1 _.]
e 2 4 & 8500

possible te continually renew that surface /692

Fig. 7. Change in of the electrode which is in contaect
the anodie¢ current
as a function of

time. by rapid and repeated grating of the

with the aquecus sclution.. This was done

Key: a. Time entire surface of the electrode in order
to produce conditions of zero charge.

A study of the change of this potential
as a function of pH showed a deviation from linearity in the acid
range only. The authors explain this deviation as being due to
the adsorption of various anions and the appearance of a Faraday
reactlon at the electrode. The sequence of anion adsorption

determined by the authors was the followlng:
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Other authors [36].found that the anodic process on gold in
chlorides and sulfates is controlléd by diffusion, i.e., by the
diffusion of anions as acceptors., Kinetic studles of these
mechanisms led the authors to the finding of simultaneous forma-
tlion and dissolution of the anocdic layer in pure sulfate.

MacArthur [37] followéd the electrochemlcal behavior of gold
In alkaline cyanides and in citrate and phosphate buffers using
gyclic voltametry and other galvanostatic techniques and he
postulated the followlng two as possible reactions:

Au 4+ ON~ == Au(CN),,, + €~
Au(UN),,, 4+ CN~ = Au(CN),~

No o0xidized specles were obtained in buffer solutions.

2.4, Effect of Catlions!

Using the technique of cyclic voltametry, Lorenz, Maumitzis
and Schmidt [38] ddemonstrated the adsorption of Ag+ T1" and cul*
on pelycrystalllne gold electrodes. It was found that the ad-
sorption of these metals affects conslderably the kineties of
the electrode reactions. Similar conclusions were reached when
these effects were followed 1In aqueous solutions contalning
tetraalkylammonium and other cations [35]. It was concluded that
the adsorppion of cations takes place to a much lesser extent than
the adsorption of anions; this preferential ddsorption is en-
hanced by the presence of large catlons. The orientation of ion
pairs 1s related to the tendency of the metal to form coordination
complexes with these ion palrs. The formation of the bonds
Me-anion-catlon explains the Inhibition of corroston by organic
ions and also the different réaction rates [39].

10



2.5. Aging of 0xide Films

Brummer [20] studied the properties of anodic oxide films
formed on gold electrodes in perchidioric acid as a function of
time and of the potential of formation, and found the following:

a) the oxide films increase In time according to a rélation-
ship of the type:

Q¢ =« + blog = /

Where § 1s the amount of oxide, a and b are constants and T is.

the time of formation;

~
o -
O
L

b) the rate of 1lncrease in the amount of oxide dncreases

with the increase in the potential of formation:

¢) the oxldes formed during a longer time at a glven poten-
tial are harder to reduce due to the fact thati"aging" stabllizes
the oxide, while the transport through this film of oxide is
hindered.

d) the "aglng" effect 1s stronger at low formation potentials
although the thickness of the oxide formed at high potentials is

larger;

e) due to this effect, the method of scanning the potential
according to Will and Knorr [30] does not give satisfactory results
when applied to thilis type of films.

It has been concluded from the performed studies that the

mechanism of the anodic process involves the OH™ radlcal, like
in the case of platinum [14, 417:

111
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An +IIEO;‘—*AL]J.....OH+H+ + f--/ (l)

The OH, resulting from chemosorption leads to the reactlon

An....OI’I+~+AuQ+H‘+e‘/ {(2a)

i
i [PV A

where AuQO represents the layer of oxygen atoms resulting from
chemosorption, or

An....0M + B0 > Au....00H + 2H* + 2

i L )
Au.... 000 - Aut + Oy + H* + & (2b)
The clean regenerated surface 1in (2b) may be used again
(1). Subsequently, the oxidatien may take place on the Au0
surface.
e Auo+n,0—;3uo....0H+H++e-/z Y (3)

AuQ...0H has the same empirical formula as the hydrated Aup03 [42].

That the final product is Au203 was demonstrated by the
value of 1.36 V for both the potential of the cathodiec deposit
and the potential of the electrode after opening of the clrcuit;
this 1s the experimental value for the standard potential of
Au(OH)B/Au [18, 43].

2.6. Resting Potentials in Various Oxidizing Media

The studies of Brummer and Makrides [44] showed that the
resting potential 1s a function of the potential of formation of
the oxide film and a function of pH; the resting potential falls
off sharply with the decomposition of the oxide film on the
surface of the electrode,

12



2.7. Pretreatments Used in Studies on the Resting Potentials /694

Unerli and Kabasakalogiu [45] follewed the change in the
potential of the gold electrode, reduced and oxidized in various
media, as a function of time. A séries of curves was obtalned
with distinct steps corresponding to the normal potential values
given in the literature for the states of oxldation of gold. The
steps of potential correspond to the equilibrium potentials of
the metal oxides (Table 2).

The same authors [48] found that this type of curve.;
changes in relation to the pretreatment of the electrode; the fol-
lowing pretreatment is recommended in order to obtain reproducible
curves:

a) the gold electrode 1s introduced as the cathode into an
1 N sulfuric acid solution for 5 min at a current of 10 mA.
Subsequently, it is introduced into a 1 N sclution of sulfuric
acid through which 1s passed a continuous current of nitrogen.
The electrode potential is stablilized at 0.3 V, while the current
falls to 0 uh.

According to the observations of Will and Knorr [49], the
adsorption of oxygen on gold in sulfuric acid eannot take place
at potentials lower than +0.85 V, while the adsorption of Hjp
takes place below + 0.15 V. These-types of electrodes, which are
reduced at 0.3 V, are called "reduced electrodes."

b) the electrodes reduced by the above procedure 1s oxidized
anodically for 5 min at 10 mlA. These types of electrodestware
called "oxidized electrodes.”

Following such a pretreatment, the electrodes were used for

determining the resting potentlal of gold in varilous media

13
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TABLE 2. POTENTIAL VALUES OF GOLD-OXIDES SYSTEMS

LU . Ll e Tabela 2

5 - e - e e e
Potrofialele alstenelor ant-aufil -

, | ‘Reactiens Potehtial (V)
| ‘ 1
P Latiendt 1 Au{OID, + 3 = Au + S0 E® = 1,45
* i 2, 2An F SHLO = Au,Oy b B8 A Ge” ’ E? — 1,157 — 0puiiEt pil
30 A0, L0 - 2800, + 2D 4 eT E® = 2,630 — 0,0304 pll
PourRaixt 4 Au b BELO == TGARO, - BILE 4 e ] E® = 1563 — G 0i1 pEL S 0197 Tog (1T, A0y}
S, ELAN0, + AuOy, o HLO 4 B ) oes SV E® w2300 — 0.00%E pEL — 00501 tou (IGARDY)
6. 10, Aty = AuOy b FLO e T E9 = 1,611 — 0058 oy (Faumy, -
TooAu O L Z2RDE op 2e o Au | ELO - 9= Q8930 7 0 .
lloarne ¥ RoAuyly f 6H Y - Ge™ = 2Au HHLO0 E® = 1,350 5 0.b1E
6.1 N 1,50, 01 N NGO,
9. Au/A0 0,46 — 824
Fr Wakkan 10, AufAdu -0 0,98 l (LM H
C& Suass 18 P AufAa0, 140 l 0,70
: ' 1 NILSO, 01 N Nayto,
i 12 Au,0/Au 0,42 024
I.ek, Avams & Bueken’d 13, Al /Ay 1,004 ‘ (h33
T t4 Augthy/Au 1236 | v,7u




TABLE 3.

RESTING POTENTIALS AND STEPS OF POTENTIAL ON THE
POTENTTIAL-TIME CURVES WITH GOLD ELECTRODES OXIDIZED AND

REDUCED IN VARIOUS MEDIA

. Gold Average
tedi . . resting
Medium Ox. (V) ! Red. (V) poténtials
‘ AR
" —l
1010 Ge(IV)SO, + 1N 1,50, 1,262 70,002 1,55750,015 1515
1528 = 0.008 ‘ £
107 M KMnh), + 1 N H,50, ‘11;4m% 1.322F0.403 L%
: | 1,535T0.008 "
o o I ! o191 o
0,125 M K,0r,0, 4+ IN 11,50,  RHIT R i 1.242750,01% 1,256
’ o 127370025
; 0125 M K,Cr,0, + INJiNO, 1305 20005 1.200 77 1000 LI
0250 M Cro, ran=om2 | 124 120 4
f . 1,265 F 0,001 : :
P 1575 T0.08 3
L' 1 NHNO, 1,235 = 3,010 :
o ‘ 1.265 20000 | : L
i 0,970 0,001 j 1081 0002 1.02% i
J :
b 1,583 50,015 :
T 1 NH,50, .. 1,224 0008 P
b o 1.270 5049 _ i
i _ 0,580 0,018 0.343 =002 0754 L
"1 N M50, + 10-1 M 1,0, 1.060 T 0,008 DE5F 0007 _ ¢
- - 081370022 0.825 0,005 0k
4
[ ) B 1
5& 1.8 Naol 0D.A4NF 0,004 0.120=6,017 0,207 E
| U e L : - o

(Table 3).

It 1s seen that the resting potentlial is similar to

the equilibrlum potential of gold in the oxidlzed form.

That the potential does not remain constant at a certain

value indicates the instability of the various forms of oxides

in agueous solution. The steps con the curves of the potential
obtained wilth the gold electrode oxidized and reduced in 1 N
sodium hydroxide, when compared to the equilibrium potentials in
alkaline medla, show that the eleectrodes can be oxidized 1n both

alkaline and acid medla.

15



3. Reduction of the Oxide Film

The reduction process was followed galvanostatically at
different current densitles between 10 and 1000 pA/em? in a
solution &f perchloric acid for anodically polarized electrodes,
between 1.2 and 1.85 V (related to E.N.H.) [44]. The measurements
Wwere not extended beyond 1.85 V in order to prevent extensive
oxidation of the electrode surface [34]. The obtained cathodic
chronopotentiogram shows, unlike the cathodic one, a clear and
well-defined decrease of the potential, corresponding to the
process of reduction of the superficial oxide layer. The change
in cathodic charge as a function of the reduction time 1s a zero- /696
order reaction, suggesting solubilization processes, 4although
the oxide disappears from the solution by a nonelectrochemical
way.. The rate of solubiligzation determined by thils procedure is
in good agreement with the results of others [33, 27]. The change
of the cathodic charge with the formation potential Zeads the
authors to conclude that at 1.45 V 1t is close to that of a
simple layer (450 uC/ecm®), a result formerly found by Hickling [14].

A problem which has been under investlgation for a long time
1s whether hydrogenvpencxidexideansintbefmédiary in the electrow= .
chemical reduction of oxidé films. An answer to this gquestion
has been sought by analyzing the galvanostatlc curves of
charging and discharging. Different authors ebtalned different
results. Several authors [50-52, 14] found the anodic charge Q,
to be equal to the cathodicecharge Oyx. Other authors [53, 54,
12, 21] found Q4 = QK/0.5. The latter result indicates that the
decrease 1n the oxide layer takes place according to the /697
reaction

———

" 2Me—O + 2H* + 26~ — 2Me + H,0, /

and stops at the hydrogen peroxide step.'

16



The experimental results show that thebhydrogen peroxide
formed as a result of cathodie polarization of gold 1n 1 N HpSO0y
in the range where the oxlde film is reduced (#1350 mV to +850 mV)
is not reduced electrochemically. The reduction takes place
below 600 mV,

Shutt .and Walton [9] found that the oxlde layer produced in
the Au/1 N H,S0y4 system 1n the potential range 137%031750 mV is
reduced by a pathway which does not 1lnvolvedh¥yidrogen perozdde.
It remains to be seen if this holds true also for the oxy-
hydrates and the oxides produced at higher potentilals,

3.1. Kinetics of Reduction of the Oxide Films

Assuming that Aus03 1s the most stable oxlde (at various
hydration-: forms), Brummer and Makrides [44] studied the kinetics
of reductlion of the oxide films formed at various potentials as
a function of pH, and found that the reduction of the oxideffilm
is related to the potentlial of formation of the oxide and not to
the thickness of the oxlde film. In order to estimate the
exchanger current, it was assumed thattthe reversible potential
1s determined by the reaction: '

Au(OH), + 3H* + 3¢~ — Au + 3II,0/

and is equal to 1.36 V [15, 18, 19]. The reduction current de-
creases logarithmically with the increase in the formation w
potential while the pH dependence oft the latter is not significant.

R
U —

(4 log ijd pII), = 1,39 & 0,02./

These'fauthobsufouriduthat the bulk of the oxide was reduced at gz
constant value of the potential; the process was hindered 1if the
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oxide was formed at a higher potential. Taklng into account
these observations and the fact that the value of the Tafel slope
(40 mV) implles a reduction with the participation of three
electrons, the following mechanism was postulated for the reduc-
tion of oxide films on gold:

rapld ‘ (I)
AuOOII-{-II* +e“:AuO+HO

slow

AuO +.H* 4 ¢ '— AuOH - (ID)

rap d

where AuQ is written as a state of oxldation of Au (II), while
AUuOH is a state of oxidation of Au (I); any of these can be

™~
ko
O
6]

hydrated. The rate equation is

1--Jﬂ1d\u(u e ]e\p[__%fgi], (1)

where o 18 the coefficient of transfer and equals 0.5, while E
is the potential.

Assuming that relation I is rapid and at equilibrium, the
following can be written:

o — e e —— .

Attt 1 exp [= 2 1 F 01 [ 22T
\.K, [Auf)OHJ [H"] exp [ RT‘} A [AnO] [HO] exp T L(2)
and o :
. [AuQ] = K[Aﬁoon] [H"] exp-[;—E;Fm] _”
- e - | RT (3)

where K 13 a constant (I.=_ﬁ1/ﬁ1[H20]), The equatlion of the final
rate 1s

18



. ! —-L— ; ¥
¢ = 3K, K [AvQOI] [} exp{w‘-’-—--~‘k-;;’fﬁ-]- (4)

et e .

If the oxide surface is large and well-defined as a homogeneous
solid, 1ts activity remains constant. If a from equation (%)
equals 0.5, the Tafel slope will be 39 mV, in agreement with the
experimental data. From the same equation it results that
(dildg 1/d pH)g = -2, and the experimental value is -1.39.

The weakness of the above mechanism 1s the assumptlion that
the reduction of gold (II) is a slow process. Sildgwick [55]
expressed the opinion that the Au (II) compounds are in fact com-
plex molecules which contain Au (I) and Au (III) in equal
proportlions. The problems which are in agreement with this
opinion ané not sufficiently clear as there are doubts with regard
to the stability of gold in this form. Subsequently, the large
fleld of forces which is not utili#lized 1n the adsorbed thin layer
may present different stabilities depending on the states of
oxldation.

Identical results are obtalned if one stays on the assumption
that the concentration of AuOOH is determined by the equation

AwQOH = Aa + Oy - H* + ¢ / (IV)
and that the limiting rate is determined by /699
‘ _slow (V)
AuOQOTI -+ T 4 e — AuO + IL,O

Reaction (V) 1s followed by reactions (II) and (III) which are
assumed to be rapid. This mechanism assumes that reaction (IV)
is rapid and reversibile at potentials around 1.2 V in 1 N per-
chleoric acid and it reqnires for the reduction cof okygen on gold
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a rate higher than 1000 A/cm?, which is the observedsréductiion
rate for the oxide at these potentials, The change of the reduc-
tlon current at a constant potential Is glven by the equation

e (5)

where Ea is the potential of oxide formation.

A comparison of equations (4) and (5) shows that the
activity of AuOOH is related to the formation potential as follows

f ' 0.20FE, \
 [ANOOH] = o exp ("“”EEF_)

Qualitatively, this relation shows that the ease ﬁith whiech the
oxlde is reduced decreases with the formation peotential.

It is not possible to make a correct comparison between the
structures of the various geld oxides appearing as films on the
anode because the above equafiion cannot explain the structural
changes which may take place.

L. Applications of the Effect of Pretreatment

Oxidatlve or reductive treatment leads to oxidatlon, reduc-
tion or contamination of the electrode surface with adsorbed
substances, and the behavior will be different in each case. In
other words, the transfer functlon of the electrode is related to
the state of the surface,which means that this function 1s subject
to improvement by the application of appropriate treatments.

The electrochemical properties of the electrode are determined
by 1ts pretreatment and by its history, i.e., by the systems with
which the electrodes had been in contact prior to 1ts utilization.
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By modifying the properties of the electrode, the pretreat-
ment influences the reaction rates on the electrode, and this
affects the reversibility of the electrochemical processes and
the observed values of potential or current. These in their turn
may determine the shape of the Iélectrochemical titration curves
and the precision and accuracy of the corresponding quantitative
electroanalytical determinations.

The variable behavior of such electrodes depending on the
applied pretreatment has made it possible to design new instru-
mental methods of analysis -- the bipotentiometric method at zero /700
current -- which are based on the determination of the potential
difference established during the titration of two identical
electrodes wilith different pretreatments, immersed in solution.

By knowdng exactly the effect of a certaln pretreatment,
apprppriaﬁe pretreatments can be designed in order to obtain
reprcoducible surfaces with well-deflned properties, for electrodes
made of noble metals and utilized in the potentiometric, ampero-
rnetric, bipotentiometric or blamperometric determination of the
end point of a chemical reaction [53-59].

Of particular interest are the noble metals utilized for
oxygen electrodes, which facilitate #nterpretation of the i1 - E
curves for superficilal oxidation. Evans and Lingane [60] followed
the reductlion of oxygen in various medla chronopotentiometrically
using gold electrodes which they oxidized anodically up to the
liberation of oxygen forming a surface film of oxide, followed by
cathodization.

The performed investigations have led to the conclusiocon that
in all the examined scolutions, the first step in the chrono-
potentlogram corresponds to the reduction of oxygen to hydrogen
peroxide, which 1s then reduced, especlally i1n acld solutions,

1n the second step.
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The process of aging causes a decrease 1n the first transition
time and by the increase inoven—voltég&éparticularly in acid
solutions, the wave may disappear completely In thils type of

solutlon.

Chronopotentiometric stﬁdies have made it posslble to find
optimal conditions for activation of the electrode by various
procedures of pretreatment. The chronopotentiometry of oxalic
acid on pretreated gold electrodes was studied by Lingane [61].
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